One of the fundamental mechanisms for the onset of turbulence in 3D excitable media is negative filament tension. Thus far, negative tension has always been obtained in media under low excitability. For this reason, its application to normal (nonischemic) cardiac tissue has been questionable, as such cardiac turbulence typically occurs at high excitability. Here, we report expansion of scroll rings (low curvature negative filament tension) in a medium with high excitability by numerical integration of the Luo-Rudy model of cardiac tissue. We discuss the relation between negative tension and the meandering of 2D spiral waves and the possible applications to cardiac modeling. [5, 6] . Typically, the filament has a positive linear tension; that is, it tends to reduce its length. As a result, scroll waves with a closed filament (scroll rings) shrink and disappear, whereas scroll waves with a nonclosed filament attain a stable shape [6] . However, it is also possible that filaments tend to increase their length, i.e., have negative filament tension. In this case scroll rings expand, which may result in an instability and onset of a turbulent excitation pattern [7] [8] [9] . Currently, the initial stage of negative filament tension has been observed in experiments with the Belousov-Zhabotinsky reaction [10] . It has been suggested that this instability can be responsible for the onset of turbulence in cardiac tissue resulting in ventricular fibrillation and sudden cardiac death [7, 11] .
Rotating scroll waves have been found in various excitable media, such as the Belousov-Zhabotinsky reaction [1] , aggregations of the slime mold Dictyostelium discoideum [2] , and cardiac tissue [3] , where they underlie life threatening cardiac arrhythmias [4] . Three-dimensional scroll waves rotate around regions of phase singularity, called filaments, and scroll wave dynamics are governed by the filament curvature, twist, and tension [5, 6] . Typically, the filament has a positive linear tension; that is, it tends to reduce its length. As a result, scroll waves with a closed filament (scroll rings) shrink and disappear, whereas scroll waves with a nonclosed filament attain a stable shape [6] . However, it is also possible that filaments tend to increase their length, i.e., have negative filament tension. In this case scroll rings expand, which may result in an instability and onset of a turbulent excitation pattern [7] [8] [9] . Currently, the initial stage of negative filament tension has been observed in experiments with the Belousov-Zhabotinsky reaction [10] . It has been suggested that this instability can be responsible for the onset of turbulence in cardiac tissue resulting in ventricular fibrillation and sudden cardiac death [7, 11] .
However, application of the idea of negative filament tension to cardiac arrhythmias is not straightforward. The main problem is that negative tension has always been observed in media with low excitability [9, 11, 12] , corresponding to parameter conditions near the failure of the wave propagation [12, 13] . In such conditions the separation between the front and the back of the wave, called excitable gap, is substantial, the period of the scroll wave rotation is typically two or three times longer than the refractoriness of the medium, and the wave propagation velocity, even for solitary waves, is comparable with the failure value. On the contrary, cardiac tissue is highly excitable and it is well known that during ventricular fibrillation the excitable gap is very small, the rotation period of scroll waves is close to the refractory period of cardiac cells [14] , and the velocity of the waves is substantially above the failure value [15] .
In this Letter we report negative filament tension in a medium with high excitability. We show that for certain parameter values in an ionic model for cardiac tissue the filament of a scroll ring increases its length. We determine the parameter regions where this effect is observed and we study the relation between negative filament tension and the meandering patterns of 2D spiral waves. Although we did not observe breakdown to turbulence of wave patterns as a result of this instability, our study demonstrates that negative filament tension occurs in a parameter region with high excitability. This result may increase the importance of this mechanism for cardiology.
Model.-Propagation of the transmembrane potential in cardiac tissue is modeled by the following equation:
here, V is the transmembrane potential, t is time, C m 1 F=cm 2 is the membrane capacitance, D 0:001 cm 2 =ms is the diffusion coefficient, and I ion is the sum of all transmembrane ionic currents. We use the LuoRudy phase 1 (LR1) model [16] , which describes the biophysical mechanism of generation of action potential in cardiac cells by a relatively small number of state variables and was widely used to study wave propagation in 2D and 3D cardiac tissue. The representation of the total current is I ion I Na I si I K I K1 I Kp I b , where I Na G Na m 3 hjV ÿ E Na is the fast Na [17] . For some simulations we clamped the gating variable j to 1, representing slow inactivation of I Na , to isolate the effect of spiral wave meandering [18] . Here we used the original values of the parameters given in [16] , except for G Na and G si , which were varied in our simulations (in [16] G Na 23 mS=cm 2 and G si 0:09 mS=cm 2 ). Note that G Na controls the speed of the waves [12] and in a general sense the excitability of the tissue, and G si is responsible for the front-tail interaction between the pulses. Computations were performed using finite differences and an explicit time integration scheme on grids containing up to 200 200 200 elements in 3D and 700 700 in 2D, using Neumann boundary conditions and the integration steps t 0:02 ms and x 0:02 cm. For further details see Ref. [12] . In addition to 2D and 3D simulations we also performed pseudo-3D simulations considering the cylindrical symmetry of scroll rings and reducing the 3D Laplacian operator to r 2 @ 2 r r ÿ1 @ r @ 2 z [6, 12] . Results.-We find that in some parametric region scroll rings can expand even if the medium is highly excitable (Fig. 1 ). We start with initial conditions in the form of a quarter of a scroll ring [ Fig. 1(a) ], which, due to the Neumann boundary conditions, is equivalent to a complete circular scroll ring. The time evolution of the filament is sketched in Fig. 1(b) . We see that the scroll ring expands and shifts upwards, thus showing negative filament tension. The time course of the transmembrane potential is shown in Fig. 1(c) . The excitable gap is small and the period of scroll wave rotation is close to the duration of the action potential.
Figure 2(a) shows the scroll ring radius from Fig. 1 (a) in the course of time. We clearly see that after some transient the radius of the filament gradually increases, although the speed of expansion is low.
The expansion or collapse of scroll rings under high excitability depends on the initial radius. We see [in Fig. 2(b) ] that if the initial radius is below R c 2:2 cm, the scroll ring shrinks and collapses. For larger radius, scroll rings expand with a rate proportional to its curvature (v r ÿ=R) with ÿ0:0003 [19] for the parameter values used in Fig. 2(b) . Such filament expansion for larger radius and collapse for small radius can be potentially understood from a stabilizing effect of the higher order terms in dependency of v r on curvature.
The velocity of expansion is low [note the difference of scale of R between Figs. 2(a) and 2(b)], but it is robust and is not due to numerical or boundary effects (we obtained similar results for x 0:008 25 cm and t 0:005 ms and for 3 times larger medium).
The overall diagram of filament dynamics in the parametric space (G si ; G Na ) is shown in Fig. 3 . Because negative filament tension in a medium with low excitability is closely related to the inward meandering of 2D spiral waves [12, 20, 22] we also show here the type of the 2D meandering patterns. We identify two different regions of expansion of scroll rings, corresponding to the gray areas. The first is located in the limit of weak excitability, for 3:1 < G Na < 3:5 mS=cm 2 . This is the classical regime of scroll filament expansion in media with low excitability which we studied in [12] . In that case, scroll waves show a substantial excitable gap, and the region of negative filament tension is close to the nonexcitable zone and it corresponds to inward meandering or rigid rotation of spiral waves. A second region of scroll ring expansion is 
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found in the medium with high excitability, and it is located at 8 < G Na < 35 mS=cm 2 . It is also related to a region of rigid rotation or inward meandering of 2D spiral waves, but in contrast to the low excitability case, the boundaries of negative filament tension do not precisely coincide with the boundaries of the different meandering regimes (see Fig. 3 ). At low and high excitability there are two different types of inward meandering of spiral waves. Figure 4 shows the evolution of 2D meandering patterns under increasing G Na and G si for the cases of low and high excitability. Diagrams accompanying the tip paths in Fig. 4 show the structure of the meandering, typically a cycloid, with the direction of rotation of the tip around the core (! 1 ) and the meandering rotation (! 2 ). We see that in the case of low excitability the transition from inward to outward meandering occurs via linear drift of the spiral wave. The radius of the meandering increases and the frequency of the meandering decreases to zero as the parameter approaches the drift condition [23] .
At high excitability the transition between inward and outward meandering is completely different. For low values of G si the spiral waves perform an inward meandering, which is a cycloidal motion composed by two frequencies (! 1 ; ! 2 ). For a window of values of the parameter a new third frequency (! 3 ) appears, and the three frequencies are mixed in the motion of the spiral. Further increase of the parameter eliminates the original meandering frequency (! 2 ) and the new one (! 3 ) gives rise to outward meandering. For higher values of G si the motion becomes more complex and new frequencies (! 4 ) are needed to characterize the dynamics. Eventually, at G si 0:03 mS=cm 2 the spiral wave breaks down. The transition from negative to positive filament tension occurs around G si 0:015 mS=cm 2 , which is close to the region of onset of the third frequency in the meandering pattern in Fig. 4(b) . In our case meandering with 3 or 4 frequencies is stable and spatially bounded and does not result in onset of chaotic behavior in cardiac tissue as, for example, during the process of spiral breakup, which may occur as a result of a quasiperiodic route to chaos [24] .
We have also performed numerical simulations with the original LR1 model (without clamping of the gate variable 
FIG. 4.
Meandering of 2D spiral waves in the LR1 model. Transition between inward and outward meandering at low excitability for increasing G Na , at G si 0 mS=cm 2 (a) and under high excitability conditions for increasing G si at G Na 10 mS=cm 2 (b). Gate variable j is clamped to 1. j). We also found expansion of scroll rings at high excitability (Fig. 5) . However, for the unclamped model there is no rigid rotation of spiral waves at high excitability [18] , and the expansion of scroll rings in this case cannot be correlated with the rigid motion or inward meandering of the spiral wave. As we see in Fig. 5 , scroll wave expansion occurs for G Na > 30 mS=cm 2 for complex and outward meandering of spiral waves.
Discussion.-We show negative filament tension at low curvature in an ionic model of ventricular cardiac tissue under conditions of high excitability.
Typically, negative filament tension results in the onset of turbulent wave patterns. We do not find such turbulent regime in our simulations because the expansion of filament is small and therefore it could not induce cardiac fibrillation. However, this regime can still have important consequences for scroll wave dynamics in cardiac tissue. First, it will result in the absence of collapse of large U shaped filaments, when they have small curvature. Second, instabilities induced by negative filament tension can be amplified by anisotropy or heterogeneity of cardiac tissue [25, 26] .
Negative filament tension in low excitability is clearly related with the inward meandering of spiral waves [11, 12, 20, 22] . Furthermore, as was shown in [21] the modes which determine meandering of spiral waves and the modes which determine the expansion of scroll rings are the same. We found that at high excitability the expansion of scroll rings in some cases can also be associated to the inward meandering of spiral waves, as shown in Fig. 3 . For the full model (Fig. 5) we also observed a negative filament tension; however, its onset was not associated with inward meandering.
We think that in order to understand the mechanisms of negative filament tension at high excitability one needs to understand the origin of rigid rotation and inward meandering at high excitability. Although rigid rotation at high excitability looks similar to rigid rotation at the low excitable case, they have a different origin. In the low excitable situation the circular core is the result of curvature effects on spiral tip rotation [27] and is associated with a large excitable gap and absence of front-tail interactions. At high excitability, the circular core occurs with low excitable gap and strong front-tail interactions.
Note that inward meandering under high excitable conditions has previously been reported for other cardiac models [28] and in experiments on cardiac tissue [29] . Therefore, we think that similar studies performed in these systems might show negative filament tension.
In conclusion, we show negative filament tension at high excitability in an ionic model for cardiac tissue. Because I Na descriptions are comparable in most ionic models, this study gives a guideline for finding this effect in other cardiac models. If the reactivation gating variable for the sodium current is clamped to a constant, the negative filament tension can be related to the rigid and inward meandering of the corresponding 2D spiral wave. S. A. acknowledges financial support from the EU Training Network ''Unifying principles in nonequilibrium pattern formation'' and DFG within SFB 555. We thank K. H. W. J. ten Tusscher for providing software for this research and help in preparation of the manuscript.
